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Regeneration of adult tissues depends on stem cells
that are primed to enter a differentiation program,
while remaining quiescent. How these two character-
istics can be reconciled is exemplified by skeletal
muscle in which the majority of quiescent satellite
cells transcribe the myogenic determination gene
Myf5, without activating the myogenic program. We
show that Myf5 mRNA, together with microRNA-31,
which regulates its translation, is sequestered in
mRNP granules present in the quiescent satellite
cell. In activated satellite cells, mRNP granules are
dissociated, relative levels of miR-31 are reduced,
and Myf5 protein accumulates, which initially re-
quires translation, but not transcription. Conditions
that promote the continued presence of mRNP gran-
ules delay the onset of myogenesis. Manipulation
of miR-31 levels affects satellite cell differentiation
ex vivo andmuscle regeneration in vivo.We therefore
propose a model in which posttranscriptional mech-
anisms hold quiescent stem cells poised to enter
a tissue-specific differentiation program.
INTRODUCTION
Adult tissue-specific stem cells that contribute to regeneration in
response to tissue damage are primed to enter a differentiation
program, while remaining quiescent. Examination of the satellite
cells of skeletal muscle gives new insight into how these two
characteristics may be reconciled. Satellite cells lie under the
basal lamina of the muscle fiber unless activated during post-
natal growth or after injury, when they leave their niche, replicate,
and then differentiate to form new fibers or replenish the satellite
cell pool (Buckingham and Montarras, 2008). During develop-
ment, skeletal muscle progenitor cells express Pax3 and/or
Pax7, which are required for the maintenance of this proliferating
reserve cell population, as well as for the activation of the
myogenic determination genes Myf5 and MyoD, with conse-
quent rapid muscle differentiation (Relaix et al., 2005). Satellite
cells also express Pax7 (Seale et al., 2000) or both Pax7 and118 Cell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc.Pax3 in many muscles (Relaix et al., 2006); however, unlike their
embryonic counterparts, more than 95% have already activated
the Myf5 gene in the course of their history (Kuang et al., 2007),
indicating that they had entered the myogenic program. Further-
more, the majority of quiescent satellite cells maintainMyf5 tran-
scription (Beauchamp et al., 2000; Pallafacchina et al., 2010).
Here, we examine the posttranscriptional mechanisms that
function to repress the translation of Myf5 mRNA, thereby
holding quiescent satellite cells poised to enter the myogenic
program.
RESULTS
miR-31 Targets Myf5 mRNA, Preventing Myf5 Protein
Accumulation in the Quiescent Satellite Cell
The majority of quiescent satellite cells transcribe theMyf5 gene
(Beauchamp et al., 2000) and are identifiable by the expression
of b-galactosidase from the Myf5nlacZ allele (Figure 1A). Quies-
cent satellite cells on freshly isolated fibers from wild-type
extensor digitorum longus (EDL) muscle are characterized by
Pax7 expression, whereas under similar conditions, Myf5 protein
is not detectable (Figure 1B). After 24 hr of culture, satellite
cells are activated and express the myogenic factors Myf5
and MyoD, as well as Pax7 (Figures 1C and 1D). In the nlacZ
reporter introduced into the Myf5nlacZ allele, the 30 UTR of Myf5
has been replaced by that of SV40. Since microRNAs repress
mRNA translation through the 30 UTR, we investigated posttran-
scriptional regulation of Myf5 mRNA by microRNA in the quies-
cent satellite cell.
We had previously shown that a conserved sequence in the 30
UTR of Myf5 mRNA is a target of miR-31 (Daubas et al., 2009).
Therefore, we first examined levels of Myf5 protein, Myf5
mRNA, and miR-31 in satellite cells (Figure 1E) isolated by
flow cytometry from adult skeletal muscle of Pax3GFP/+ mice
(Montarras et al., 2005), which are mainly quiescent, with cells
isolated from 1 week postnatal muscle (P7) or adult dystrophic
muscle of Pax3GFP/+; mdx:mdx mice, which are about 80% or
30% activated, respectively (Pallafacchina et al., 2010). Myf5
protein accumulates in activated compared to quiescent satel-
lite cells. RelativeMyf5 transcript levels do not change, whereas
miR-31 is higher in quiescent satellite cells. We confirmed the
presence of miR-31 by in situ hybridization (ISH) in quiescent
satellite cells (Figures 1F and 1G), identified by their expression
of Pax7 and their position under the basal lamina (Figures 1H
Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-
dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle
fiber from aMyf5nlacZ/+mouse. Right panel shows merged
image with DAPI.
(B) Immunostaining with Pax7 (green, top) and Myf5 (red,
middle) antibodies on a freshly isolated (0 hr) wild-type
EDL fiber.
(C and D) Immunostaining on EDL fibers, after 24 hr of
culture, with Pax7 (green, top left), Myf5 (red, middle), and
MyoD (green, top right) antibodies. Merged images with
DAPI are shown in the bottom panels of (B), (C), and (D).
(E)Western blot analysis ofMyf5 protein levels (normalized
to b-tubulin, b-tub) (top) with quantitative PCR analysis of
Myf5 transcripts (normalized to Actb transcripts) (middle)
and miR-31 levels (normalized to U6 snRNA) (bottom) in
satellite cells directly isolated (day 0) from adult Pax3GFP/+
(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7
(P7) Pax3GFP/+mice. Error bars represent standard error of
the mean (SEM) of three replicate experiments.
(F–I) Sections of adult Tibialis anterior (TA) muscle showing
miR-31 (F; purple) detected by ISH in a satellite cell
(arrows) marked by DAPI or by ISH with a scrambled
oligonucleotide probe (G; scramble, purple). Scale bars
represent 20 mm. Combined detection of proteins by
immunostaining of TA sections with antibodies to Pax7
and laminin (left), with miRNA ISH (middle) for miR-31
(H; purple, arrowheads), or a scrambled probe (I). Merged
images are shown in the right panels. Satellite cells,
marked by a Pax7-positive nucleus (green), are indicated
by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,
negative for miR-31.
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cell types (data not shown) present in the muscle tissue are
negative.
miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNACell Stem Cell 1repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5 mRNA is sequestered with miR-31 during
quiescence.
We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly1, 118–126, July 6, 2012 ª2012 Elsevier Inc. 119
Figure 2. mRNP Granules Contain Myf5 Transcripts and miR-31 in the Quiescent Satellite Cell
(A–C) Immunostaining with Pax7, Tia1, p54/RCK, and HuR antibodies on EDL fibers shows Tia1 (red) (A) and p54/RCK (red) (B) localization to cytoplasmic
granules in a quiescent satellite cell marked by Pax7 (green). HuR (green) remains in the nucleus of a quiescent satellite cell identified by p54/RCK foci (C).
(D–F) After 24 hr of culture, Tia1 (red) (D) and p54/RCK (red) (E) show diffuse cytoplasmic localization in activated satellite cells marked by MyoD-positive (green)
nuclei. p54/RCK and HuR show diffuse cytoplasmic (red) and nuclear (green) staining, respectively (F). Insets in (A)–(F) show enlargements of the satellite cells
without DAPI staining of the nucleus.
(G) Fluorescent in situ hybridization (FISH) for miR-31 (top),Myf5 transcripts (middle), and a scrambled-miR probe (scramble, bottom) on quiescent satellite cells
freshly isolated from Pax3GFP/+ adult muscle.
(H) Immunofluorescent labeling on sections of adult TA muscle; p54/RCK (red) shows the presence of cytoplasmic mRNP granules in a satellite cell, outlined by
characteristic dystrophin labeling (green) of the contour of the muscle fiber (top). The same satellite cell is shown enlarged, labeled for p54/RCK and DAPI
(middle), followed by ISH for miR-31 (purple, bottom). Arrows denote the nucleus.
(I) Cytoplasmic fractions from freshly isolated in vivo quiescent satellite cells from adult Pax3GFP/+muscle (left) and in vivo activated satellite cells from Pax3GFP/+;
mdx:mdxmuscle (right) were analyzed by RT-PCR for Pax3,Myf5, and Actb transcripts (top) or by qRT-PCR for miR-31, normalized to U6 snRNA (bottom). Error
bars represent SEM of three replicate experiments. T, total cell fraction; S, soluble cytoplasmic fraction; P, pelletable cytoplasmic fraction containing mRNP
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gene silencing in animal cells (Eulalio et al., 2009), is present in
foci in the quiescent satellite cell, whereas it is diffuse in the
cytoplasm of the activated satellite cell (Figure S1A). We used
ISH to examine the localization of miR-31 and Myf5 transcripts,
which we show are present in punctate cytoplasmic foci (Fig-
ure 2G; Figure S1B), where they colocalize with p54/RCK (Fig-
ure 2H; Figure S1C).
To further investigate accumulation of miR-31 and Myf5 tran-
scripts in mRNP storage granules, we fractionated by centri-
fugation cytoplasmic extracts (Bhattacharyya et al., 2006) of
quiescent (Pax3GFP/+) and activated (Pax3GFP/+;mdx:mdx) satel-
lite cells. Pax3 transcripts are abundant in the soluble fraction
of quiescent and activated satellite cells. Myf5 transcripts and
miR-31 are accumulated in the pelletable mRNP fraction of
quiescent satellite cells, whereas Myf5 transcripts are present
in the soluble fraction of activated satellite cells (Figure 2I). In
keeping with this, Myf5 transcripts and miR-31 are coimmuno-
precipitated by anti-p54/RCK antibodies from whole-cell lysates
of quiescent satellite cells. In lysates of activated satellite cells,
p54/RCK remains associated with residual miR-31, but not
with Myf5 transcripts (Figures S1D and S1E). Polysome gradi-
ents showMyf5 transcripts and miR-31 in the prepolysome light
fraction in quiescent satellite cells, whereas Myf5 transcripts
are highly enriched in the polysome fraction of activated satellite
cell lysates (Figures S1F–S1H).
Satellite cells on single EDL fibers rapidly upregulate Myf5
protein, even in the presence of a-amanitin, which blocks
transcription and degrades the Rbp1 subunit of RNA poly-
merase II (Figure S2C; Nguyen et al., 1996), but not in the
presence of cycloheximide, which blocks translation (Figure 2J).
The timing of Myf5 upregulation corresponds to that of the
disassembly of mRNP granules (Figure 2K), which takes place
very rapidly when satellite cells are activated in culture. When
1.0 mM sodium arsenite is added to the culture medium at
time 0, p54/RCK-containing mRNP granules, which sequester
Myf5 mRNA, continue to be observed (Figures 2L and 2N; Fig-
ure S2), and Myf5 protein does not accumulate (Figures 2M
and 2O) in satellite cells. Formation of new stress granules under
these conditions is precluded by the absence of HuR, a compo-granules. Increased concentration ofmRNP granules in the pelletable compared to
blotting with antibodies against p54/RCK (middle).
(J) Quantitation of coexpression of Pax7 and Myf5, monitored by immunostaini
10 mg/ml a-amanitin (green) or 100 mg/ml cycloheximide (CHX, red). Error bars re
Figure S1.
(K) Quantitation of the number of mRNP granules upon activation of satellite
munostaining with antibodies against p54/RCK. Error bars represent SEM with n
(L and M) Immunostaining with Pax7 (green), p54/RCK (red), and Myf5 (red) antib
presence of 1 mM sodium arsenite.
(N and O) Quantification of the number of granules per Pax7-positive satellite cel
show immunofluorescence for Myf5 in these satellite cells (O). 0, freshly isolate
presence of 1 mM sodium arsenite. Error bars represent SEM.
(P) Immunostaining with Pax7, p54/RCK, FMRP, and phosphospecific FMRP (P
localization to p54/RCK (red) containing granules and P-FMRP (red) localization
(green).
(Q) Immunostaining with P-FMRP (red) and Pax7 (green) antibodies after 3 hr of ED
Arrows point to P-FMRP in granules.
(R and S) Percentage of Pax7-positive satellite cells that show immunofluorescenc
fibers after 3 hr culture in the absence or presence of 1 or 10 nM OA, as indicate
See also Figure S2.nent of this type of cytoplasmic granule, (Kedersha and Ander-
son, 2007; Buchan and Parker, 2009), which remains nuclear
(Figure S2B).
We investigated the mechanism by which Myf5 transcripts
are rapidly released from miR-31 repression upon satellite cell
activation. HuR is essential for the release of transcripts from
microRNA activity in cells subjected to stress (Bhattacharyya
et al., 2006), but it remains nuclear in activated satellite cells
(Figure 2F). We therefore examined FMRP, a component of
some types of mRNP granules (Buchan and Parker, 2009);
FMRP phophorylation promotes microRNA activity in neurons
(Muddashetty et al., 2011). We also find phospho-FMRP in
mRNP granules of quiescent satellite cells (Figure 2P), whereas
it is not detectable on activation (Figure 2Q). Inhibition of pro-
tein phosphatase 2A-dependent dephosphorylation of FMRP
by okadaic acid, which prevents mRNA dissociation from
Ago2 in neurons (Muddashetty et al., 2011), also prevents the
accumulation of Myf5 protein in satellite cells on cultured
fibers (Figures 2R and 2S). Levels of miR-31 are unaffected
(Figure S2D).
Satellite Cell Behavior Is Modified by miR-31 Regulation
of Myf5 Expression
We next examined the effect of sustained miR-31 expression
on the myogenic program. Satellite cells were isolated from
muscles of adult Pax3GFP/+ mice and cultured for 3 days,
when many cells express Myf5 and some are positive for the
myogenic differentiation factor Myogenin (Figure 3A). Transfec-
tion of satellite cells with miR-31 precursors (Figure S3A)
reduced Myf5 expression, resulting in a delay in the onset of
differentiation indicated by the absence of Myogenin (Figures
3B and 3E). After 4 days in culture, most satellite cells normally
express Myogenin and muscle TroponinT with formation of
multinucleated myotubes (Figure 3C); however, this progression
is delayed after transfection of miR-31 precursors (Figures 3D
and 3E). Reduced Myf5, Myogenin, and TroponinT in satellite
cell cultures transfected with miR-31 precursor molecules was
confirmed by western blotting (Figure S3B). Transfection of
satellite cells with miR-31 inhibitors had no detectable effect
(data not shown), consistent with miR-31 downregulationsoluble cytoplasmic fraction fromquiescent satellite cells is shown bywestern
ng, on satellite cells of freshly isolated EDL fibers cultured in the presence of
present SEM of three independent single fiber cultures. See also Table S1 and
cells (marked by Pax7) on cultured EDL fibers over time, visualized by im-
> 50 at each time point.
odies on satellite cells after 1 hr of EDL fiber culture, in the absence (control) or
l on isolated EDL fibers (N) and percentage of Pax7-positive satellite cells that
d fibers; C, control fibers after 1 hr culture; Ars, fibers cultured for 1 hr in the
-FMRP) antibodies on freshly isolated (0 hr) EDL fibers. Arrows show FMRP
to granules in quiescent satellite cells where the nucleus is marked by Pax7
L fiber culture in the absence (control) or presence of 10 nMOkadaic acid (OA).
e for P-FMRP (R) andMyf5 (S) in satellite cells on 0, freshly isolated fibers, or 3,
d. Error bars represent SEM.
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Figure 3. Differentiation of Activated Satellite Cells Is Modulated by miR-31 Regulation of Myf5 Protein Levels
(A and B) Detection of Myf5 (green) and Myogenin (MyoG) (red) by immunocytochemistry with the corresponding antibodies after satellite cells were transfected
with control (A) or pre-miR-31 (B) precursor oligonucleotides and cultured for 3 days.
(C and D) After 4 days in culture, immunocytochemistry with antibodies against MyoG (green) and TroponinT (TropT, red) on control or pre-miR-31-transfected
satellite cells.
(E) The percentage of satellite cells expressing Myf5, Myogenin, and TroponinT, monitored by immunocytochemistry, after 3 and 4 days in culture, of control-
transfected (C) and pre-miR-31-transfected (31) satellite cells isolated from adult Pax3GFP/+ mice. Error bars represent SEM of three independent cultures with
p < 0.001 using paired Student’s t test. See also Figure S3.
(F–I) Detection of MyoG (green) with MyoD (red) (F and G) or TropT (red) (H and I) by immunocytochemistry with the corresponding antibodies after satellite
cells isolated from adultMyf5/mice were transfected with control (F and H) or pre-miR-31 (G and I) precursor oligonucleotides and cultured for 3 (F and G) or 4
(H and I) days.
(J) Percentage of satellite cells, isolated from adultMyf5/mice, expressing MyoD, Myogenin, and TroponinT, monitored by immunocytochemistry, after 3 and
4 days in culture, after transfection with pre-miR-31 (31) and control (C) oligonucleotides. Error bars represent SEM of three independent cultures.
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fected into satellite cells isolated from Myf5/ mice, no delay
in differentiation was observed (Figures 3F–3J), demonstrating
that Myf5 transcripts are the primary target of miR-31 in wild-
type satellite cells.
In dystrophic mdx muscle, miR-31 is abnormally upregulated
(Cacchiarelli et al., 2011). We show that this is also the case in
satellite cells and that inhibition of miR-31 results in increased
Myf5 protein levels and improved differentiation (Figures
S4A–S4E).
We next examined miR-31 function in satellite cells in vivo by
antagomiR-mediated inhibition (Kru¨tzfeldt et al., 2005). Antago-
miRs against miR-31 (antagomiR-31) accumulate in satellite
cells after intravenous injection (Figures S3C and S3D) and result
in increased numbers of Pax7-positive satellite cells (Figures 4A
and 4E), Myf5 protein accumulation (Figures 4B and 4F), loss of
mRNP granules (Figures 4C and 4G), and cell cycle re-entry as
evidenced by Ki67 labeling of MyoD-positive satellite cells (Fig-
ure 4D). More myonuclei are present (Figure 4H), and muscle
fibers are larger (Figure 4I).122 Cell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc.In regenerating muscle after injury, satellite cells are activated
and form new fibers, with reconstitution of the satellite cell pool.
Ten days after cardiotoxin injury of the Tibialis anterior (TA)
muscle, mice treated with antagomiR-31 had increased levels
of Myf5-positive progenitors compared to controls in areas
that did not stain positive for myosin heavy chain, which marks
differentiated fibers (Figure 4J). In the presence of antagomiR-
31, there were increased numbers of small, immature fibers
marked by embryonic myosin heavy chain (embMHC) (Figures
4K and 4L). The expansion of a pool of myogenic progenitor
cells probably accounts for the increase in myofiber size seen
later, at 21 days after cardiotoxin injection (Figures 4M and
4N). Efficient inhibition of miR-31 levels by antagomiR-31 in
TA muscle was shown by qRT-PCR (Figures S3E and S3F).
Similar results to those in cardiotoxin-injured muscle were
seen after antagomiR-31 treatment in mdx muscle (Figures
S4F–S4K).
We also examined the effect of injury on the presence of
mRNP granules. On transverse sections of uninjured TA
muscle, p54/RCK-labeled foci are observed in all satellite cells
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after cardiotoxin injury, with only 65% of satellite cells, marked
by Pax7, containing detectable foci (Figures 4O and 4P). Antago-
miR-31 treatment further decreased the number of Pax7-
positive satellite cells with detectable foci to 45% (Figure 4P),
suggesting that 21 days after injury, more satellite cells were still
activated and contributing to fiber growth. This is consistent with
the increase in fiber size in these muscles and the activating
effect of antagomiR-31 on satellite cells of uninjured muscle.
DISCUSSION
We conclude that in quiescent satellite cells, Myf5 mRNA is
sequestered in mRNP granules, where the presence of miR-31
ensures silencing. On activation, mRNP granules dissociate,
releasing Myf5 transcripts, leading to rapid translation and
accumulation of the Myf5 protein, which promotes myogenesis.
This mechanism is consistent with reports that P-bodies also
function in miRNA-mediated translational repression (Liu et al.,
2005), as well as mRNA storage, in mammalian cells (Bhatta-
charyya et al., 2006) and in yeast (Brengues et al., 2005). In the
latter, the transition from stationary phase to growth, reminiscent
of the transition from quiescent to activated satellite cells, is
accompanied by breakdown of the mRNP granules and rapid
mRNA translation. When muscle is injured, signaling pathways
are activated. We propose that this leads to rapid dephos-
phorylation of FMRP, with consequent Myf5 transcript release
for translation. Other effects on mRNP protein modifications
probably contribute to their dissociation.
We show that transcripts of the endogenous Myf5 gene are
present and that their level does not increase on activation rela-
tive to a bactin control sequence. This quantitative comparison
is complicated by the low transcriptional activity in quiescent
satellite cells. However, whereas many sequences show striking
upregulation on activation (Pallafacchina et al., 2010), this is not
the case forMyf5mRNA. Furthermore, inhibition of transcription
does not prevent the initial rapid accumulation of Myf5 protein
on activation, consistent with posttranscriptional regulation. In
contrast to Myf5 transcripts, miR-31 levels, measured relative
to U6 RNA, are lower in activated satellite cells. The relative level
of miR-31 to its target Myf5 mRNA therefore falls. The inhibitory
effect of miR-31 is further accentuated by concentration with
Myf5 mRNA in mRNP granules in the quiescent cell. On activa-
tion, Myf5 mRNA is released from miR-31 repression, mediated
by FMRPdephosphorylation, and enters polysomes. Abnormally
high levels of miR-31 that we observe in activated satellite cells,
as well as muscle fibers (Cacchiarelli et al., 2011) of dystrophic
muscle, probably contribute to the pathology. This should be
therapeutically accessible to antagomiR treatment (Williams
et al., 2009).
The myogenic determination factor, MyoD, is also present in
activated satellite cells (Buckingham and Montarras, 2008) and
will compensate for downregulation of Myf5. However, we
observe that myogenesis is delayed when Myf5 accumulation
is compromised. This is in keeping with observations on Myf5
mutant mice in which a delay in differentiation was reported,
linked to a proliferative defect (Montarras et al., 2000; Gayr-
aud-Morel et al., 2007; Ustanina et al., 2007). Myf5 promotion
of proliferation would account for the increase in activatedsatellite cells both in uninjured and injured muscle treated with
an antagomiR to miR-31. The later increase in muscle fiber
size that results from Myf5 overexpression is also consistent
with the converse reduction in muscle fiber size reported in the
absence of Myf5 (Ustanina et al., 2007).
In conclusion, manipulations that affect Myf5 protein accumu-
lation have repercussions on myogenesis and muscle regenera-
tion. Interference with miR-31 or mRNP granules compromises
the normal progression of satellite cell activation by maintaining
the brakes that function through these mechanisms to prevent
Myf5 accumulation in the quiescent satellite cell. We suggest
that similar mechanisms may apply to other adult stem cells,
which have acquired tissue specificity and are poised for regen-
eration while remaining quiescent.
EXPERIMENTAL PROCEDURES
Cell and Single Fiber Culture
Satellite cells were isolated from the abdominal muscle and diaphragm of
1-week-old (P7), 5- to 6-week-old (adult) Pax3GFP/+, or 5- to 6-week-old
Pax3GFP/+; mdx:mdx mice, sorted by flow cytometry (Montarras et al., 2005)
and cultured for the times indicated. Alternatively, satellite cells were sorted
from the same muscles of adult Myf5/ mice (kindly provided by T. Braun;
Ustanina et al., 2007) using antibodies against CD34 as previously described
(Montarras et al., 2005). Sorted cells were reverse transfected with either
microRNA precursor or inhibitor oligonucleotides (Ambion) as described
previously (Crist et al., 2009). Increased miR-31 levels were confirmed by
qRT-PCR (Figure S3) as described below. Single fibers were isolated from
the EDL muscle of adult mice and cultured. Where indicated, cultures were
supplemented with 10 mg/ml a-amanitin (Sigma), 100 mg/ml cycloheximide
(Sigma), 1.0mMsodiumarsenite (Sigma), or 1.0–10.0 nMokadaic acid (Sigma).
In Situ Hybridization
Endogenous miR-31 andMyf5 transcripts were detected in formaldehyde and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Fluka), as described
(Pena et al., 2009), on fixed sections or on satellite cells isolated from
Pax3GFP/+ mice deposited on a slide by cytospin. Probes were 50 and 30 dual
DIG-conjugated locked nucleic acid (LNA) probe against miR-31 (Exiqon),
a scramble-miR control probe (Exiqon), and a DIG-labeled probe against
Myf5 (Daubas et al., 2009). Prehybridization and hybridization was at 60C
for miR-31, 58C for scramble-miR, and 68C for Myf5 transcripts.
Cell Fractionation, RNA, and Protein Analysis
Digitonin permeabilization, followed first by a centrifugation to separate cyto-
plasmic contents from intact nuclei, followed by centrifugation at 14,000 rpm
for 15 min of the cytoplasmic components to pellet mRNP granules, was per-
formed as described (Bhattacharyya et al., 2006). The resulting supernatant
and pellet fractions were analyzed for the presence of p54/RCK by western
blotting as well as for mRNAs and miR-31 by RT-PCR as described below.
Immunoprecipitation of RNA-protein complexes (Peritz et al., 2006) and
polyribosome gradient fractionations (Bhattacharyya et al., 2006) were per-
formed as described. RNA was harvested from cells, fractionated cells, or
muscle tissues by using TRIzol reagent (Invitrogen) and treated with DNase
(Roche). Detection of miR-31 by quantitative RT-PCR was performed using
the miRCURY LNA Universal RT-PCR system (Exiqon) according to the
manufacturer’s instructions. Amplification of U6 snRNAwas used to normalize
the data. For detection of mRNAs, total RNA was reverse transcribed with a
random primer (Exiqon) by using SuperScript II reverse transcriptase (Invitro-
gen). RT-PCR primers were forward 50-CTGTCTGGTCCCGAAAGAAC-30
and reverse 50-AAGCAATCCAAGCTGGACAC-30 Myf5; forward 50-CAACC
AGGAGGAGCGCGATCTCCG030 and reverse 50-AGGCGCTGTGGGAGTTG
CATTCACT-30 Myogenin; forward 50- AAACATCCCCCAAAGTTCTAC-30 and
reverse 50-GAGGGACTTCCTGTAACCACT-30 Actb. qRT-PCRs were per-
formed with SYBR Green PCR Master Mix (Applied Biosystems). For protein
analysis, cell lysates were prepared as described (Crist et al., 2009) andCell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc. 123
Figure 4. Satellite Cell Activity and Skeletal Muscle Regeneration Is Modulated by miR-31 Regulation of Myf5
(A–I) Uninjured TA muscle after antagomiR-31 treatment.
(A) Immunostaining of sections with antibodies against Pax7 (top, green) and laminin (middle, red), with DAPI staining of nuclei, in mice treated with antagomiRs
against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.
(B) Immunostaining of sections with antibodies against Pax7 (green) and Myf5 (red) in mice treated with antagomiR-31 or a control antagomiR. Merged images,
with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated
(arrowheads).
(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets
show enlargement of satellite cells with DAPI staining of the nucleus.
(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control
antagomiR-treated mice.
(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice
treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.
(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with
control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.
(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error
bars represent SEM.
(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence
interval surrounding the mean with p < 0.001 using paired Student’s t test.
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Cell Stem Cell
Silencing of Myf5 mRNA in Quiescent Satellite Cellswestern blots were performed using polyclonal anti-Myf5 (Santa Cruz),
monoclonal anti-Myogenin (Dako), anti-TroponinT (Sigma), and anti-b-tubulin
(Millipore) antibodies. Blots were exposed to Hyperfilm ECL (GE Healthcare)
and densitometry was performed with ImageJ software (NIH). Data were
normalized to the expression of b-tubulin.
Immunofluorescence
Formalin-fixed, cultured Pax3GFP/+ satellite cells were permeabilized and
blocked as described previously (Crist et al., 2009). For the detection of
mRNP granules,Pax3GFP/+ cells deposited on a slide by cytospin, single fibers,
or frozen transverse sections were permeabilized and blocked as described
previously (Kedersha and Anderson, 2007). Primary antibodies used were
monoclonal anti-b-galactosidase (a kind gift from J.F. Nicolas), anti-Pax7
(DHSB), anti-MyoD (Dako), anti-TroponinT (Sigma), anti-Dystrophin Dys2
(Dako), anti-GW182 (abcam), anti-HuR (Santa Cruz), anti-embryonic myosin
heavy chain G6 (DHSB,) anti-myosin heavy chain MF20 (DHSB), anti-FMRP
(DHSB), anti-Ki67 (BD PharMingen), polyclonal anti-Myf5 (Santa Cruz), anti-
Myogenin (Santa Cruz), anti-p54/RCK (Bethyl), anti-TIA1/TIAR (Santa Cruz),
and anti-phospho-FMRP (abcam).
Muscle Regeneration
Care and handling of animals were in accordance with the regulations of
the French Ministry of Agriculture and Fisheries, as practised by the Institut
Pasteur animal facility.
On day 1, 8-week-old Swiss mice were anesthetized by intraperitoneal
injection of a mixture of Imalgene/Rompun. A 10 ml solution of 10 mM cardio-
toxin (Latoxan) was injected into the tibialis anterior (TA) muscle. AntagomiRs
(Kru¨tzfeldt et al., 2005) were against miR-31 (antagomiR-31; 50-mC*mA*
mGmCmUmAmUmGmCmCmAmGmCmAmUmCmUmU*mG*mC*mC*mU-30-
Chl) and against Caenorhabditis elegansmiR-67 (control; 50-mU*mA*mCmUm
CmUmUmUmCmUmAmGmGmAmGmGmU*mU*mG*mU*mG-30-Chl), which
has minimal sequence identity to mammalian microRNAs. The m denotes
20Me-O modifications, asterisk denotes phosphothioate linkers, and the Chl
denotes a cholesterol moiety. For flow cytometry, antagomiR-31 was 50 conju-
gated to the fluorophore Dy547 (Thermo Scientific). AntagomiRs were deliv-
ered by tail vein injection (40 mg/kg) on day 3 and day 7 (10 day analysis) or
day 7 and day 14 (21 day analysis) in injury studies or to adult 8-week-old
mdx:mdxmiceon day 1 and day 7 before analysis on day 10. TA and diaphragm
muscles were harvested and immediately frozen in isopentane cooled in liquid
nitrogen and stored at80C, prior to immunofluorescent labeling ormeasure-
ment of miR-31 levels.
Statistical Analysis
The SEM, 95% confidence intervals and paired Student’s t tests, were calcu-
lated using Microsoft Excel software, as indicated.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.stem.2012.03.011.(J–P) Injured TA muscle after antagomiR-31 treatment.
(J) Immunostaining of sections with antibodies against Myf5 (red) and myosin h
antagomiR-31-treated (right) animals.
(K) Immunostaining of sections with antibodies against embryonic myosin heav
control antagomiR (left) or antagomiR-31-treated (right) animals. Scale bars in (J
(L) Themean CSA of embMHC-positive TA fibers, 10 days after cardiotoxin injury,
represent 95% confidence interval surrounding the mean with p < 0.001 using p
(M) Immunostaining of sections with antibodies against Pax7 (red) and laminin
underneath the basal lamina is marked with white arrowheads. Scale bars repre
(N) The mean CSA of regenerating TA fibers (central nuclei), 21 days after cardioto
Error bars represent 95% confidence interval surrounding the mean with p < 0.0
(O) Immunostaining of sections, focusing on satellite cells, with antibodies agains
a contralateral uninjured muscle. Nuclei in sections (J), (K), (M), and (O) are stain
(P) Percentage of Pax7-positive satellite cells containing cytoplasmic mRNP gran
after cardiotoxin injury, in untreated (C) and antagomiR-31-treated (a31) animals
See also Figures S3 and S4.ACKNOWLEDGMENTS
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